The main focus of the present study was the influence of liquid metal properties on the particle size during water atomisation. Experiments for liquid iron showed that alloy additions of carbon and sulphur decreased the particle size. Moreover, it was indicated that the reduced d50 value at increased %C and %S contents may be related to a decreased viscosity and surface tension respectively. An alternative mechanism could be that raised superheats at increased carbon contents increased the total available time for atomisation. This may also have decreased the particle size. The influence of surface tension and viscosity on the d50 value was further analysed with a theoretical d50 model proposed in a previous work. A reduced viscosity from 6.8 to 4.3 mPa s decreased the d50 value with 33%. In addition, the particle size was estimated to decrease with 27% by decreasing the surface tension from 1 850 to 900 mN m -1 .
Introduction
Water atomisation of liquid metals has been used for many years to produce a large number of different metal powders. The scale of operation varies, with melting units from a few kg up to large production atomisers over 100 tons. 1) Examples of commercial applications are iron and steel powders for sintered components, 2) silver powders for electrical contacts, 3) and ultrafine stainless steel powders for metal injection moulding. 4) In a study by Dunkley, 5) it was illustrated that the physical properties of the liquid metal can have a significant influence on the particle size for water atomized metal powders. It was observed that the mass median particle size (d50) can vary by a factor of 6 for different metals and alloys, which were atomised under identical conditions. Additional studies by Dunkley and Palmer 6) showed that the superheat of the liquid metal can have a large effect on the particle size during water atomisation. It was concluded that the d50 value decreased by about 5-10% per 100°C of superheat for alloys with a liquidus temperature above 500°C. These results were confirmed six years later by Ankus and Wenter, 3) who investigated the influence of superheat for water atomised silver powders. The mass median particle size decreased between 7-9% per 100°C of superheat at water pressures between 17.2 and 33.8 MPa.
Klar and Shafer 7) alloyed liquid copper to study how a decreased surface tension influenced the particle size for water atomised copper powders. It was estimated that the d50 value decreased by 13%, when the oxygen content in the melt was increased from 0.02 to 0.55% at a superheat of around 150°C. The influence of surfactants on the particle size was further investigated by Bergquist, 8) who alloyed sulphur to water atomised iron powders. Very limited influence on the particle size was seen for sulphur contents up to 0.20%. However, a final test at a water pressure of 12.5 MPa indicated that the d50 value could be reduced by 22% if pure liquid iron is alloyed with 1.5%S.
The main objective of the present study is to investigate the relation between the particle size and the physical properties of the liquid metal during water atomisation. Design of experiments (DOE) 9) was used to study how the d50 value was influenced by increased contents of %C and %S in liquid iron. Other parameters included in the DOE study were the water pressure, water level in the atomising tank, type of water jet and melt stream diameter. In the final part of the paper, it is specifically discussed how the particle size may be influenced by the viscosity, surface tension and superheat of the liquid metal. An empirical d50 model is also proposed, which is used to discuss how some important atomising parameters may be correlated to the particle size.
Experimental

Experimental Facility
The atomising experiments in the present work were carried out in a V-jet pilot water atomiser, Fig. 1 . Pure iron was melted in a 250 kg high-frequency induction furnace using an alumina refractory lining. Carbon was alloyed with graphite, which was charged to the furnace before the melting was started. In addition, Ferro sulphur was added to the liquid iron just before the start of atomisation. The furnace was covered with a steel lid during the entire melting © 2012 ISIJ sequence. Nitrogen gas was purged through the lid, to decrease the degree of oxidation of the melt. The liquid steel temperature was measured with an expendable temperature sensor, which was immersed with a steel lance in the liquid steel. When the target steel temperature of 1 620°C was reached, the furnace was tilted and the liquid metal was poured into a tundish with an alumina refractory lining. A Liquefied petroleum gas burner was used to preheat the tundish, which was red hot before the atomisation was started. The steel temperature was measured in the furnace just before atomisation and after 1-2 minutes of atomisation in the tundish. The liquid iron was poured through a tundish nozzle into the V-jet water atomising system. The V-jet has in total eight symmetrically arranged water nozzles. These include two pairs of main and side jets respectively and four supporting jets. The jet angle between the water jet and the metal stream was 26.5° for the main jets. Nitrogen was used to flush the atomising tank, to avoid the risk for hydrogen explosions. The steel level in the tundish was regulated manually to around 20 cm during the atomisation. The steel flow rate to the atomizer was stopped immediately when the furnace was empty, by pressing a steel rod through the melt to block the tundish nozzle. The powder slurry was dewatered after atomisation. The wet iron powder cake was finally dried at 180°C by using warm compressed air. The drying was interrupted when the temperature of the iron powder reached 95°C.
Experimental Programme and Procedure
The experimental programme was planned and evaluated with the software Modde 9 developed by Umetrics AB.
9) A 2 6-3 fractional factorial design with resolution III and four centre points was chosen for the study, The experiments were carried out in a random order, to minimize that time dependent trends influenced the experimental values. Four additional trials were finally carried out, to further investigate how the particle size was influenced by an increased melt stream diameter, Table 4 . The heat size during these four trials was 150 kg.
A powder sample of 5 kg was taken from each heat, by slowly feeding all atomised powders through a powder sampler. A spinning riffler was finally used to split the powder to the specific amount needed for each analysis. Carbon, sulphur, oxygen and nitrogen were determined by a LECO analysis, according to the standards ISO 15350 (percentages of C and S) and ISO 15351 (percentages of O and N). Inductively plasma atomic emission spectroscopy was used to determine trace elements, according to ISO 13898 1-4. The as-atomised powder particle size was determined by a sieve analysis (EN ISO 24497). The apparent density was determined with a Hall flow meter (ISO 3923-1). In addition, scanning electron microscopy (SEM) was used to study the particle shape and morphology.
Results
As mentioned previously, the main purpose of this paper is to study how the physical properties of the liquid metal influence the particle size for water atomised metal powders. Carbon and sulphur was alloyed to liquid iron, to specifically investigate how the d50 value was influenced by the viscosity and surface tension of the liquid metal. The target tapping temperature of the furnace was constant at 1 620°C for all test heats, to be able to select as consistent data as possible for these properties. The superheat during the experiments varied from around 100 to 450°C, depending on the carbon and sulphur contents, Tables 2-4 . The superheat is here defined as the difference between the steel temperature in the induction furnace just before atomisation and the liquidus temperature. The software Thermocalc 10) was used to calculate the liquidus temperature for all test heats in this work. The d50 values for the experiments were calculated by curve fitting of data from a sieve analysis against the log normal distribution. The correlation between the cumulative particle size distribution obtained from sieve analysis and the log normal distribution was very good for all experiments in the present study, Fig. 2 . Atomised powders contained a mixture of irregular and rounded particles. Figures 3 and 4 show the particle morphology for a 0.22%C and a 4.22%C content, respectively. It is clear that the particle shape was generally more irregular for powders atomised at low carbon contents.
ICP-OES
Factorial Experiments
All d50 values for the factorial experiments were plotted in Fig. 5 , to compare the replicate centre points to the entire experimental design, Tables 1-3. The replicate error was relatively small, since the variation for all factorial experiments was significantly larger compared to the replicates (tests 9-12). The condition number of the design was calculated, to determine the orthogonality for the experimental matrix. Experimental data for %C and %S from the trials were used in this calculation (Tables 2 and 3) , while values presented in Table 1 were selected for all other factors. The condition number was calculated to 1.35, which is within the interval of 1-3 typically reported for fractional factorial designs.
9) Figure 5 also shows that the distribution of the d50 values was slightly skewed, with only 3 experiments above 100 μm. The d50 values were therefore logarithmically transformed, which distributed the data closer to the normal dis- Fig. 2 . Curve fitting of as-atomised sieve analysis against log normal particle size distribution, test 2, heat D1951. ISIJ International, Vol. 52 (2012), No. 12 tribution, Fig. 6 . This transformation is reasonable, since for instance several studies have shown that the water pressure has a very strong and non-linear relation to the particle size. 3, 5, 6, 8) Multiple linear regression (MLR) was finally used to develop a model for the d50 value, based on the factorial experiments. The goodness of fit and predictive power for this model was evaluated with R 2 and Q 2 respectively, which were defined as follows 9) . The water pressure showed the largest influence on the d50 value during the factorial experiments, Fig. 7 . A significant effect was also obtained by alloying carbon and sulphur to the liquid steel. Calculations with Eq. (4) and the centre point values in Table 1 indicated that an increased carbon content from 0.05 to 4% decreased the d50 value by 28%. Similar estimations for sulphur indicated a decrease of the particle size by 31%, at increased sulphur contents from 0.004 to 0.5%.
The influence of the melt stream diameter on the d50 value was small and more uncertain, but still significant at a 95% confidence interval level. The water level in the atomising tank and jet configuration were excluded from the model, Table 1 . This since no measurable influence was seen on the particle size for these parameters.
Influence of Melt Stream Diameter
Additional tests outside the factorial experiments were performed, to further investigate how the particle size was influenced by an increased melt stream diameter. This since a relatively large standard deviation was seen for this parameter during the factorial experiments, Fig. 7 . Four heats were atomised using a Fe-1%C melt and D M /D 0 ratios between 0.571 and 1, Table 4 . The water flow rate was simultaneously increased from 2.22 to 6.67 kg s -1 , which maintained the water to metal ratios between 3.7-4.5. Figure 8 shows the relation between the d50 value and DM/D0 ratio for these experiments. Similar results were obtained as during the factorial experiments. The particle size was found to increase with an increased relative melt stream diameter. The relationship between the d50 value and the DM/D0 ratio in Fig. 8 was also estimated with a regression analysis. An R 2 value of 0.94 was obtained for this expression, which is given by Eq. (5) 
Estimation of Viscosity and Surface Tension
Estimations of the surface tension (γM) and viscosity (μM) of the liquid metal for all experimental heats are presented in Tables 2-4 . These properties were calculated at 1 550°C, which is close to the average steel temperature of 1 560°C measured in the tundish during the tests. The surface tension was calculated using models developed by Chung and Cramb. where KS, KO, aS and aO are adsorption coefficients and activities for sulphur and oxygen respectively. The oxygen activity was calculated by assuming equilibrium with carbon monoxide. First order interaction coefficients and thermodynamic data were taken from Engh 12) and Guthrie 13) respectively. The surface tension at %C < 0.2 was finally estimated by using a model developed for the system Fe-S at 1 550°C: 11) ............... (9) Reference data for the viscosity were selected based on a literature review performed by Assael et al. 14) Viscosity values were estimated from studies of the Fe-C system by Barfield and Kitchener 15) and Vatolin, Vostryakov and Yesin, 16) since experimental investigations are missing in the literature for the system Fe-C-S. Experimental data at 1 550°C from these studies were finally used to calculate average viscosity values for each experiment.
Discussion
Influence of Surface Tension and Viscosity
Additional evaluations of the surface tension and viscosity were made, to try to explain why the particle size decreased at increased carbon and sulphur contents, Fig. 7 . Estimations of the surface tension at 1 550°C using Eqs. (6) and (9) are presented in Fig. 9 . The calculations show that sulphur is a strong surfactant, which leads to a lowered surface tension value. Furthermore, the predictions indicate that carbon has a much weaker influence on the surface tension compared to sulphur. These calculations agree well with the results from Lee and Morita 17) for the Fe-C-S system at 1 350-1 550°C. The surface tension for liquid iron alloyed with 0-4%C was for the present conditions almost exclusively determined by sulphur, at contents above 0.005%S. Figure 10 shows calculated viscosity values for all test heats in this work. Increased carbon contents at temperatures of 1 550°C are estimated to decrease the viscosity for the system Fe-C. In addition, it can be concluded that there is no consistent data published for the system Fe-S at 1 550°C. Some investigations report that sulphur decreases the viscosity for liquid iron, while the opposite is concluded by other authors. 18) However, Figs. 9 and 10 indicate that the reduced d50 value observed in Fig. 7 at increased sulphur and carbon contents may be caused by a decreased surface tension and viscosity respectively. These properties was further analysed in Fig.  11 , which shows the d50 value versus the water pressure for all test heats in this work. The large influence of the water pressure on the d50 value is obvious. It can also be noticed that the particle size generally decreased for heats atomised at low surface tensions. In addition, the results indicate that the d50 value was further reduced for experiments with low estimated viscosity values, see also Tables 1-4 .
The influence of the viscosity and surface tension during the atomisation was finally evaluated by comparing the relation between the viscous energy dissipation and surface energy for a single atomised droplet. The relative importance of viscous and surface tension forces in resisting atomisation was estimated by calculating the ratio between the liquid phase Weber and Reynolds numbers according to Eq. (10) 19) ....................... (10) where Eμ is the viscous energy dissipation, Eγ is the surface energy and ΔU is the typical velocity difference across the zone during break up. The parameter ΔU was estimated using Eq. (11), 20) which can be used to calculate the water velocity at the exit of the water nozzles (11) where φ is a constant that considers deviations from an ideal Fig. 9 . Calculated surface tension at 1 550°C based on Eqs. (6) and (9), for liquid iron alloyed with sulphur and carbon. frictionless flow and ρw is the water density. The coefficient φ was estimated to have a value of 0.86 for the nozzles in the current study, based on water flow rates and pressure values from the nozzle supplier. The water temperature was assumed to be 20°C in the calculations, which gives a water density of 0.998 g cm -3 . Data from all experiments in this work (Tables 1-4) were finally used to estimate the ratio between the viscous energy dissipation and the surface energy according to Eq. (13) . A value of WeL/ReL = 1 would mean that the surface tension and viscous forces are of similar importance during the atomisation process. WeL/ReL was estimated to have values between 0.3 and 1.2 for the tests in the present study, Tables 2-4. This indicates that both the viscosity and the surface tension of the liquid metal may have influenced the atomisation of the liquid metal in this work.
Influence of Superheat
The influence of the liquid metal properties can be discussed further by evaluating how the superheat affects the particle size. As mentioned earlier, it was estimated using Eq. (4) that the d50 value decreased by 28% when the carbon content in the liquid steel increased from 0.05 to 4%. This increased carbon content also corresponds to a raised superheat from around 90 to 430°C, Tables 2-4 . Summarized, this corresponds to a reduction of the d50 value by 8% per 100°C of superheat. This is in agreement with previous investigations by Ankus et al. 3) and Dunkley et al., 6) who noticed a reduction of the d50 value by 7-9% and 5-10% respectively per 100°C of superheat.
The calculated influence of the superheat on the particle size in this work may be explained by a decreased viscosity at increased carbon contents, Fig. 10 . However, a second possible mechanism could be that the total available time for atomisation increases at increased superheats. This can be illustrated by evaluating the cooling time down to the liquidus temperature for an atomised steel droplet. The cooling time tC can be estimated with Eq. (12): 21) ................ (12) where dd is the metal droplet diameter in m, ρM is the liquid metal density in kg m -3 , cM is the specific heat for the liquid metal in J kg -1 °K -1 , h is the heat transfer coefficient between the metal droplet and the surrounding atmosphere in W m -2°K -1 , T is the temperature of the liquid metal in °K, and Tsteam is the steam temperature in the atomizing zone in °K.
The cooling time was calculated for test 2 and 4 which were atomised at carbon contents of 0.22 and 4.22% respectively, Tables 1 and 2 . The steel temperature T was estimated with the measured temperature in the tundish. Values for h were taken from a study by Sanin and Nichiporenko.
22 Figure 12 shows calculated cooling times at 5 different metal droplet diameters. The cooling time increased with an increased metal droplet size. It was determined to be 17 times longer at a 4.22%C content compared to a 0.22%C content. The rounder particle shape for test 4 compared to test 2 further indicated that the cooling time was significantly longer at high carbon contents, Figs. 3 and 4 . It can be speculated that the available time for atomisation was increased at higher carbon contents in the present study, since the superheat was raised at increased carbon contents. This may improve the secondary atomisation of primary atomised ligaments, which could contribute to a reduction of the particle size.
d50 Model
The experimental results in this work were further evaluated with an empirical d50 model proposed in a previous work. 23) This model is presented in Eq. (13), with calculated exponents relevant for the present study ............. (13) where k is a model constant, α is the jet angle between the axis of the water jet and axis of the metal stream, DM is the melt stream diameter in m, mW and mM is the mass flow rate of water and metal respectively in kg s -1 . All experimental heats in this work were used to determine the k value and exponents in Eq. (13), Tables 1-4 . The parameter units defined in 'Nomenclature' were used to calculate the k value. The least-square method was used to minimize the error between experimental and calculated d50 values. The k value in Eq. (13) for this study was estimated to 1.85×10 9 . The superheat was not directly considered in this model. The influence of liquid metal properties was Table 5 . A negative exponent value means here that the particle size is reduced when the specific parameter is increased. The exponents for the water pressure for Eq. (13), models IV and V are within the interval of -0.7 to -1.2 proposed for flat water jets by Dunkley and Palmer. 6) In addition, it is interesting to notice that the calculated exponent for the melt stream diameter in this work is very close to the value suggested in model I.
Moreover, the influence of the water to metal ratio (m W /m M ) on the d 50 value was estimated to be significantly larger in this work compared to all other d 50 models, Table 5 . The present study included several tests atomised at water to metal ratios below 4, Tables 2-4. This may explain the more negative exponent value for this work in Table 5 , since earlier investigations 6, 27) have observed that the d 50 value can increase drastically at m W /m M ratios below 3-4.
In general, all models in Table 5 propose that the d 50 value decreases with a decreased surface tension and viscosity of the liquid metal. This is in agreement with the results for the current study. Moreover, the exponent for the viscosity in this work is close to the values proposed in models IV and V. However, in general the exponents for the surface tension and viscosity have a relatively large scatter in the different studies. One possible explanation to this may be that it is difficult to measure both the viscosity and surface tension, which has resulted in a large scatter between published data for liquid metals. 14, 28) The extremely oxidising gas atmosphere during water atomisation may be another source of uncertainty. Both the surface tension and viscosity of liquid metals are generally measured under very controlled conditions, typically in argon 17) and helium 18) gas atmospheres respectively. These conditions are very different from the gas atmosphere during water atomisation, where the liquid metal stream and atomised particles to a large extent are surrounded with hot water steam. Oxygen is, for example, a very strong surfactant in liquid iron. 28) More specifically, only 100 ppm dissolved oxygen is estimated to decrease the surface tension by 14% at 1 550°C. It could therefore be possible that the local surface oxidation of the melt during water atomisation may change the physical properties of the liquid metal. This may contribute to the relatively large scatter seen for the viscosity and surface tension exponents in Table 5 .
However, the results in the present study show that the liquid metal properties can have a significant influence on the particle size for water atomised powders. Moreover, it is shown that empirical models can be useful tools for prediction of the d50 value during the atomisation. This was finally illustrated by estimating the influence of the viscosity and surface tension during the atomisation of metal alloys with a target d50 value of 80 μm. Equation (13) was used to calculate the required water pressure, at increased values of the viscosity and surface tension, Fig. 14 . These calculations show that it may be necessary to adjust the water pressure significantly for different alloys, depending on the viscosity and surface tension values of the liquid metal. The importance of process control is also worth to comment. Variations of the surface tension and the viscosity for a specific alloy should be minimized, by carefully controlling the melt temperature and liquid metal composition before the atomisation. This should reduce the variation of the particle size between atomised heats and thereby improve the quality of produced powders.
Conclusions
The main focus of the present study was the influence of physical properties of the liquid metal on the particle size during water atomisation. Carbon and sulphur were alloyed to liquid iron, to study how the d50 value was influenced by changed physical properties of the liquid metal. Design of experiments was used to plan the study, which also included tests with different water pressures, melt stream diameters, water levels in the atomising tank and configurations of the water jet. Alloy additions of 4%C and 0.5%S to liquid iron decreased the d50 value with 28 and 31%, respectively. It is indicated that the reduction of the particle size at increased carbon and sulphur contents may be related to a decreased viscosity and surface tension of the liquid metal, respectively.
The relation between investigated parameters and the particle size was further analyzed with an empirical d50 model proposed in a previous work.
23 ) The influence on the d50 value was estimated as follows for investigated parameters: i) water pressure: large effect, a 44% decrease for pressures from 8 to 18 MPa. ii) viscosity: medium effect, a 33% decrease for viscosities from 6.8 to 4.3 mPa s. iii) surface tension: medium effect, a 27% decrease for surface tensions from 1 850 to 900 mN m -1 . iv) melt stream diameter, small effect, a 10% decrease for relative diameters (DM/D0) from 1 to 0.57. The influence of the surface tension and viscosity should be seen as provisional, since there is a relatively large scatter between experimental data in the literature 14, 28) It may also be possible that the reduced particle size at increased carbon contents in this work was caused by an increased available time for atomisation. Alloy additions of 4%C to liquid iron increased the superheat in the furnace from around 90 to 430°C. Model calculations indicated that this raised superheat resulted in around 17 times longer cooling times for atomised droplets, from the tundish temperatures down to the liquidus temperature. It can be speculated that the significantly longer cooling time at large superheats may improve the secondary atomisation of primary atomised ligaments. This could contribute to a reduction of the particle size.
Nomenclature
AD: apparent density/g cm -3 aO: oxygen activity in the steel aS: sulphur activity in the steel cM: specific heat of liquid metal/J kg -1 °K σLN: standard deviation of the log normal distribution
